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The death of cells in tissues of humans and other multicellular organisms is nei- 
ther always abnormal nor always detrimental. Although necrosis ensues at the 
sites of massive cellular injury, most cells in the body die through a more subtle, 
noninflammatory, energy-dependent form of cell death called apoptosis. The 
number of cells in tissues is determined by the homeostatic balance between 
proliferation of new cells and death of senescent ceils; the rates of proliferation 
and apoptosis vary widely from tissue to tissue. Recent research into the mo- 
lecular mechanisms of apoptosis has revealed that apoptosis is a genetically 
programmed process that can become deranged when the components of the 
cellular apoptotic machinery are mutated or present in inappropriate quantities. 
Dysregulation of apoptosis is associated with the pathogenesis of a wide array 
of diseases: cancer, neurodegeneration, autoimmunity, heart disease, and 
other disorders. Products of genes involved in the regulation and execution of 
apoptosis are potentially excellent targets for diagnosis and therapeutic inter- 
vention in disease processes, and they offer renewed hope for cures and treat- 
ments for a wide array of maladies. 
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well-understood genes of apoptosis in 
the nematode worm Caenorhabditis ele- 
gam, and then discusses the current un- 
derstanding of molecular apoptosis 
regulation and execution in human cells. 
These first sections provide scientific 
background for understanding the in- 
creasingly apparent roles of apoptosis in 
disease and the potential for apoptosis- 
based clinical diagnosis, prognosis, and 
therapy in the future. 

TYPES OF CELL DEATH 
Necrosis 

Cells of multicellular organisms gen- 
erally die in 1 of 2 well-characterized 
ways, depending on the context and 
cause of death (Table). Necrosis occurs 
in acute, nonphysiological injury (eg, in 
the center of infarcted tissue in an ische- 
mic stroke or at the site of toxin action). 
Necrotic cells swell and lyse, releasing 
their cytoplasmic and nuclear contents 
into the intercellular milieu, thus spark- 
ing inflammation. Although important in 
acute injury and certain severe inflam- 
matory responses, necrosis is not the 
mechanism by which cells normally die. 
Until the early 1970s, necrosis was the 
only clearly identified type of cell death, 
thus making cell death seem a nonphysi- 
ological and detrimental event. 



PAINSTAKING RESEARCH in histol- 
ogy, genetics, and molecular biology dur- 
ing the past 25 years has revealed that 
virtually all animal cells are armed with 
the genetic machinery to commit suicide. 
Under normal physiological circum- 
stances, damaged or senescent cells sac- 
rifice themselves for the greater good of 
the whole organism through a genetically 
programmed type of cell death termed 
apoptosis. As is true of other physiologi- 
cal systems, cell number in the body is 
subject to homeostasis: the number of 
cells in a multicellular organism equals 
the rate of cell proliferation minus the 
rate of cell elimination. Although it has 
long been known that excessive prolif- 
eration of cells leads to neoplasia and that 
insufficient proliferation can lead to de- 
velopmental agenesis of body structures, 
only recently has it become apparent that 
aberrations in the regulation of geneti- 
cally programmed cell death likewise 
cause disease and deformity. 

This review begins by defining the 2 
principal patterns of cell death (necrosis 
and apoptosis), subsequently describes 



From the Oliver Wendell Holmes Society, Harvard 
Medical School, Boston, Mass. 

Reprints: Steven W. Hetts, Oliver Wendell Holmes 
Society, Harvard Medical School, 260 Longwood Ave, 
Boston, MA 02115 (e-mail: shetts@student.med. 
harvard.edu). 



Apoptosis 

In 1972, Kerr et al 1 published a seminal 
article describing the novel physiological 
process of apoptosis (derived from the 
Greek word for "falling off"). Cells under- 
going apoptotic "cellular suicide" rapidly 
shrink and lose their normal intercellular 
contacts and subsequently exhibit dense 
chromatin condensation, nuclear frag- 
mentation^cytoplasmic blebbing, and cel- 
lular fragmentation into small apoptotic 
bodies. These apoptotic bodies are 
quickly phagocytosed and digested by 
neighboring cells or macrophages. 1 " 6 As 
no cytosolic contents are released into the 
intercellular medium during apoptosis, 
inflammation is not triggered. The dis- 
covery of apoptosis was a remarkable feat 
of histology: in a slide of normal tissue 
consisting of millions of cells, only a hand- 
ful will show structural changes charac- 
teristic of apoptosis at any given time, as 
the sequence of morphological changes in 
apoptosis can be completed in less than 
an hour. 

The stereotypical sequence of histo- 
logical events in apoptosis led to the idea 
that apoptosis is a form of programmed 
cell death directed in part or whole by 
the apoptotic cell itself. Apoptotic cell 
death is an integral part of development 
and of homeostasis in adult tissue. The 
developing mammalian central nervous 
system (CNS), for example, is especially 
prone to apoptosis, as many more neu- 
rons are generated than survive into 
adulthood, either the result of limiting 
amounts of growth and survival factors 
(the neurotrophic hypothesis) or the in- 
ability to make functional connections 
(the activity hypothesis). In adulthood, 
apoptosis is greatly reduced in the mam- 
malian CNS, but it continues actively 
in other tissues. For example, mature 
granulocytes exist in the peripheral cir- 
culation for only 1 to 2 days before un- 
dergoing apoptosis and clearance. Apop- 
tosis can also be actively induced in animal 
cells by a diverse array of other trig- 
gers, which range from ionizing radia- 
tion to hyperthermia to viral infections 
to immune reactions. 4-6 
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Cardinal Features of Apoptosis and Ni 



lecr^^ 



Features 


Necrosis 


Apoptosis 


Stimuli 


Toxins, severe hypoxia, massive 
insult, and conditions of ATP 
depletion 


Physiologic and pathological conditions 
without ATP depletion 


Pnomu ro/iiiirpmont 


None 


ATP-dependent 


Histology 


Cellular swelling, disruption of 
organelles, death of patches 
of tissue 


Chromatin condensation, apoptotic 
bodies, death of single isolated cells 


ON A breakdown pattern 


Randomly sized fragments 


Ladder of fragments in internucleosomal 
multiples of 185 base pairs 


Plasma membrane 


Lysed 


Intact, blebbed, with molecular 
alterations 


Phagocytosis of dead cells 


Immigrant phagocytes 


Neighboring cells 


Tissue reaction 


Inflammation 


No inflammation 



*ATP indicates adenosine 5 '-triphosphate. 

THE WORM'S TALE: A GENETIC 
MODEL OF CELL DEATH 

The genetics and molecular mecha- 
nisms of apoptosis were first character- 
ized in the late 1980s and early 1990s in 
studies of the nematode worm C elegans. 
Programmed cell death during C elegans 
development is extremely precise and 
predictable: specific genes are activated 
to kill exactly 131 cells, leaving 959 in the 
adult worm. 7 Apoptosis in development 
can be thought of as a normal cell fate, 
like terminal differentiation into muscle 
or nerve. 

Studies of the worm revealed that 
apoptosis consists of 4 sequential steps: 
(1) commitment to death by extracellu- 
lar or intracellular triggers, (2) cell kill- 
ing (execution) by activation of intracel- 
lular proteases, (3) engulfment of the cell 
corpse by other cells, and (4) degrada- 
tion of the cell corpse within the lyso- 
somes of phagocytic cells (Figure 1, A). 8 
These stages, and the genes that govern 
them (termed ced genes in C elegans , for 
cell death abnormal), are remarkably 
conserved throughout animal evolution, 
from worm to human (Figure 1, B). 8 " 10 

In C elegans, the protein products of 
the genes ced-3 and ced-h are required 
for the execution of apoptosis, 11 and the 
product of the ced-9 gene prevents apop- 
tosis by inhibiting activation of ced-3 and 
ced-J, (Figure 1, A). 12 CED-3, a cysteine 
aspartyl protease (caspase),is necessary 
for apoptosis: when activated, it cleaves 
a variety of cellular proteins, inactivat- 
ing some and activating others. These 
death substrates of the CED-3 caspase 
include DNA repair enzymes such as 
polyadenosine diphosphate ribose poly- 
merase, components of the nuclear mem- 
brane, and endonucleases responsible 
for cleaving the apoptotic cell's DNA. 
Activation of caspases in a cell's cyto- 
plasm is directly associated with the 
morphological changes characteristic of 
apoptosis. The activation of caspases, 
whose inactive precursors (procaspases) 
are present in all cells, causes breakdown 
of the normal barriers between cellular 
compartments, thus wreaking havoc 



within the cell but leaving the plasma 
membrane virtually intact. 

CED-4 acts upstream of CED-3: 
CED-4 receives a death commitment 
signal and subsequently binds to pro- 
CED-3, causing it to release active 
CED-3. CED-9, a multifunctional pro- 
tein that is localized to the outer mem- 
branes of mitochondria and other intra- 
cellular membranes, binds to CED-4 and 
prevents its activation of pro-CED-3, 
possibly by anchoring CED-4 away from 
cytoplasmic pro-CED-3. 13 - 15 Therefore, 
CED-3 and CED-4 induce apoptosis, and 
CED-9 protects against apoptosis. 

MOLECULAR MECHANISMS 
OF APOPTOSIS IN HUMANS 

The C elegans model is relevant to 
higher animals because of its evolution- 
ary conservation. Several central media- 
tors of apoptosis in mammals have simi- 
lar molecular shapes and signaling roles 
as CED-3, CED-4, and CED-9 (Figure 1 
and Figure 2). Humans and other mam- 
mals are more complex than worms; so, 
too, is the regulation of apoptosis in 
mammalian cells, which involves many 
more signaling molecules, particularly at 
the early stages of commitment to apop- 
tosis. 

Commitment to Die 

Some mammalian death-commitment 
pathways are ubiquitous: for example, 
all normal cells respond to radiation-in- 
duced DNA damage by signaling cell 
cycle arrest, which can be followed by 
resumption of cycling once the damage 
is repaired or commitment to apoptosis 
if the damage is too severe. Other death- 
commitment signaling pathways are 
present only in specific cell types and at 
certain times. The relative abundances 
of different signaling molecules deter- 
mine the cell's apoptotic threshold by de- 
termining the relative speed, strength, 
and likelihood of activating apoptotic 
and antiapoptotic pathways. The advan- 
tage of a variety of cell death signals is 
clear: if there were only 1 signal for cell 
death, all cells exposed to that signal 
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Figure 1 .—The apoptotic program is conserved in 
evolution. A, Tissue-specHic signals activate ced-4. 
which activates ced-3, leading to cell death. If ac- 
tivated, ced-9 can inhibit apoptosis by inhibiting 
ced-4 's activation of ced-3 (and possibly by di- 
rectly inhibiting ced-3), as indicated by dashed ar- 
row. B, A wide array of factors commit a mamma- 
lian cell to die, but the downstream apoptotic 
machinery is conserved (worm genes homologous 
to mammalian apoptotic genes are shown in pa- 
rentheses). Arrows indicate positive interactions; 
blunted arrows, negative interactions. 

would die. With multiple different cell 
death triggers, specific subsets of cells 
can be deleted without collaterally elimi- 
nating other types of cells adjacent to 
them. 

Extracellular Death Ligands 
and Receptors 

Commitment to death can be specifi- 
cally triggered by addition of a death-pro- 
moting ligand to the extracellular me- 
dium around a cell in culture or in the 
body. When extracellular death ligands 
bind to cell-surface death receptors, the 
intracellular portion of the receptor 
changes shape and is able to bind to cy- 
toplasmic adaptor proteins (Figure 2). 16 " 18 
Receptor-adaptor complexes subse- 
quently bind to downstream adaptor 
proteins that can activate a variety of 
caspases — the proteases homologous 
to CED-3 that act as the executioner in 
mammals. 19 " 21 

The immune system provides excel- 
lent examples of how death ligands and 
receptors actively kill specific infected 
or otherwise dangerous cells of the body. 
As shown in Figure 3, A, when the T-cell 
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Figure 2.— Apoptotic signaling pathways. Commitment to death: death ligand FasL binds to death receptor 
Fas to initiate intracellular signaling; the adaptor protein FADD (Fas-associated death domain protein) binds 
Fas and also binds to caspase-8 (also known as FLICE, a FADD-like interieukin 1 p-converting enzyme). 
Execution: activation of caspase-8 leads to the activation of other caspases; caspases cleave each other's 
inactive procaspase precursors into active caspases, amplifying the death signal; active caspases mediate 
execution by cleaving polyadenosine diphosphate ribose polymerase, nuclear lamins, and other cellular 
proteins and by activating DNA fragmentation factor. Modulation of apoptotic signaling: in some cell types, 
cytochrome c is released from mitochondria, allowing activation of apoptotic protease activating factor-1 
(Apaf-1), also leading to caspase activation; Bcl-2 family members may promote or suppress apoptosis by 
interacting with Apaf-t and/or regulating mitochondrial permeability. Arrows do not necessarily imply direct 
interactions; homologous Caenorhabditis elegans gene products are shown in gray. 



receptor on a cytotoxic T lymphocyte (T c 
cell) binds to a foreign peptide (eg, a frag- 
ment of a viral protein) presented on the 
class I maj or histocompatibility complex 
of an antigen-presenting cell, it induces 
the expression of the protein Fas ligand 
(FasL) on the surface of the T c cell. FasL 
then binds to Fas, a cell-surface receptor 
present on most cells of the body, and 
activated Fas initiates an intracellular 
apoptotic signaling pathway that kills 
the infected antigen-presenting cell. A 
similar mechanism also protects the 
body from T lymphocytes with defective 
T-cell receptors that inappropriately 
bind to self-antigens as if they were for- 
eign antigens (Figure 3, Bl). 22 * 25 As 
might be expected, failure to delete self- 
reactive T cells can lead directly to au- 
toimmune disease. 

Death by Neglect 

Commitment to death can also be spe- 
cifically triggered by removal of a death- 
inhibiting (or, survival-promoting) li- 
gand. In this form of death by neglect, a 
cell commits to die because it lacks cy- 
toplasmic signals from a cell-surface sur- 
vival-factor receptor. This dearth of ex- 
ogenous signals allows an endogenous 



default death program to play itself 
out. 24 * 27 For example, activated T lym- 
phocytes are dependent on the soluble 
protein interieukin 2 (IL-2) for survival 
and undergo apoptosis if IL-2 is removed 
(Figure 3, B2). The same final execution 
processes are activated whether apop- 
tosis is initiated by a death ligand or by 
lack of a survival factor. 

Execution: Adaptors, Caspases, 
and Death Substrates 

A variety of death commitment signals 
in mammalian cells converge to activate 
the central executioner the caspase cas- 
cade (Figure 1, B). For example, after 
cell-surface death receptors such as Fas 
are activated, their cytoplasmic tails bind 
to adaptor proteins such as FADD (Fas- 
associated death domain protein) (Fig- 
ure 2). 17 The Fas-FADD complex then 
binds to and activates caspase-8, 21 which 
initiates the lethal proteolytic cascade of 
apoptosis execution. 

In contrast to the single CED-3 
caspase in C elegans, at least 10 different 
caspases have been isolated from human 
cells. Activated caspases cleave each 
others' precursors into mature, active 
enzymes in a proteolytic cascade similar 



I to complement activation or blood clot- 
ting. 23 - 28 As in C elegans, human death 
substrates include cytoplasmic and 
nuclear proteins involved in DNA repair 
and replication, RN A splicing, cytoskel- 
etal structure, and cell division. 23,28 Once 
caspases are activated, the morphologi- 
cal changes of apoptosis ensue, and the 
killing process cannot be halted. 

A Human CED-4 Homologue 

As in C elegans, humans have a CED-4 
homologue that induces apoptosis, called 
apoptotic protease activating factor-1 
(Apaf-1). 29 When the mitochondrial pro- 
tein cytochrome c binds to Apaf-1, 
Apaf-1 is able to bind to and activate hu- 
man caspase-3, initiating the caspase 
cascade (Figure 2). 30 Interestingly, 
Apaf-1 also has a binding site for aden- 
osine 5'-triphosphate (ATP), which 
might explain why the ATP energy level 
in an injured cell may play a critical role 
in deciding whether the cell has suffi- 
cient energy to die by apoptosis or if in- 
stead it dies by energy-independent ne- 
crosis. F*inally, Apaf-1 can also bind to 
antiapoptotic CED-9 homologues of the 
Bcl-2 family, which may sequester 
Apaf-1 away from caspase-3, thus sup- 
pressing apoptosis. 

The Bcl-2 Family and the Uncertain 
Role of Mitochondria in Apoptosis 

Named for its founding member, a 
gene isolated from a B-cell lymphoma 
that caused oncogenesis by suppressing 
apoptosis, the Bcl-2 family of genes in- 
cludes both apoptosis-promoting (eg, 
Box and Bad) and apoptosis-inhibiting 
(eg, Bcl-2 and Bcl-x L ) members. 31 " 33 The 
Bcl-2 family members promote or inhibit 
apoptosis induced by certain triggers, 
such as growth factor withdrawal-in- 
duced apoptosis, but they do not always 
affect other kinds of death signaling, 
such as the Fas pathway in certain cell 
types. 23 " 27 - 34 

How exactly Bcl-2 family members 
function to promote or inhibit apoptosis 
is uncertain. The leading theories are 
that antiapoptotic Bcl-2-Uke proteins in- 
hibit caspase activation either by bind- 
ing directly to Apaf- 1 , by preventing the 
release of cytochrome c and other con- 
tents from mitochondria, or both. 35,36 The 
Bcl-2 family members are located in the 
outer membranes of mitochondria, can 
bind to each other in various pairwise 
combinations (eg, homodimers of Bcl-2: 
Bcl-2 or heterodimers like Bcl-2:Bax), 
and form ion-conducting channels in the 
mitochondrial membrane. Antiapoptotic 
Bcl-2 family members may form ionic 
pores that allow electrochemical homeo- 
stasis in cellular organelles; conversely, 
proapoptotic family members may inter- 
fere with channel formation. 37 ' 38 Altered 



302 JAMA, January 28, 1998— Vol 279, No. 4 



Apoptosis and Its Role in Disease— Hetts 



mitochondrial membrane potential-^^ 

ten an early warning sign of apoptos^P- 
may allow mitochondrial contents to leak 
into the cytoplasm, where they activate 
caspases. 23 - 31 * 32,39 ' 40 Thus, Bcl-2 family 
members act upstream of caspases: once 
the cascade is started, antiapoptotic 
Bcl-2 family members cannot usually 
prevent cell death. A recent report also 
indicates that Bcl-2 itself may be a down- 
stream death substrate of caspases, im- 
plying the existence of a more complex 
relationship between Bcl-2 family mem- 
bers and caspases. 41 

Final Steps of Apoptosis: 
Engulfment and Degradation 
of Apoptotic Bodies 

Engulfment and degradation of apop- 
totic bodies complete the process of pro- 
grammed cell death; however, these pro- 
cesses are less well understood than 
commitment and execution. Changes in 
the makeup of cell surface proteins (eg, 
thrombospondin up-regulation) and lip- 
ids (eg, presentation of phosphatidylser- 
ine) allow apoptotic bodies to be recog- 
nized by other cells for phagocytosis. 
Phagocytosis of apoptotic corpses whose 
plasma membranes are intact is a key 
feature of apoptosis, as there is no leak- 
age of proinflammatory cytosolic com- 
ponents. The final degradation of apop- 
totic bodies is poorly understood. De- 
fects in this process in humans have been 
linked to some forms of systemic lupus 
erythematosus, as inappropriate pro- 
cessing of apoptotic bodies may allow 
formation of antinuclear antibodies. 42 

ROLES OF APOPTOSIS IN DISEASE 

The survival of multicellular organ- 
isms requires a balance between cell pro- 
liferation and cell death. Abnormal regu- 
lation of apoptosis has been implicated in 
the onset and progression of an ever- 
broader range of diseases. Many disor- 
ders can be classified based on whether 
they are associated with too much or too 
little apoptosis. 6 During their pathogen- 
esis, however, most apoptotic disorders 
feature too much apoptosis of one type of 
cell and too little elimination of another 
kind of cell. Thus, apoptotic disorders 
can be classified based on their primary 
dysfunction, which may later lead to 
other (and opposite) dysfunctions. 

This review discusses only a few dis- 
eases associated with dysregulated 
apoptosis. Completely omitted are dis- 
cussions of the roles of apoptosis in acute 
trauma, myocardial infarction, stroke, 
and infectious diseases (such as viral 
hepatitis and the acquired immunodefi- 
ciency syndrome). These and other top- 
ics are reviewed extensively elsewhere; 
MEDLINE lists hundreds of recent ar- 
ticles relating apoptosis to disease. 



A. Killing by Cytotoxic T (T c ) Cells 
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B. Killing of T Cells 

1 . Active Killing by Fas: Deleting Self-reactive T Cells 




2. Death by Neglect: Survival Factor Withdrawal 

IL-2-Dependent Activated T Cell 
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Figure 3 —Active and passive killing pathways. A, Cytotoxic T cells (T c cells) kill in 3 ways: Fas ligand (FasL) 
on the T e cell binds to Fas on the target cell, inducing apoptosis; T c cells degranulate, releasing both gran- 
zyme B which enters the target cell and directly activates caspases, and perfonns, which can form pores 
in the target cell membrane, causing osmotic lysis. B, T cells can be killed actively or passively. (1) > Periph- 
eral self-tolerance: if the T-cell receptor of a T cell binds avidly to self-peptides presented on a self-MHC 
(a class I major histocompatibility complex) on a peripheral cell, the T cell may be induced to express FasL, 
in addition to Fas, thus allowing self-reactive T cells to kill each other and prevent autoimmunity (Bl has 
been adapted, with permission, from Nagata 23 ). (2) Death by survival factor withdrawal: if an activated T cell 
that expresses the interleukin 2 receptor (IL-2R) is deprived of interleukin 2 (IL-2), it will undergo apoptosis 
because of a default death signal that can be suppressed by antiapoptotic members of the Bd-2 family. 



Primary Apoptosis Deficiencies 

Graft Rejection.— Not all parts of the 
body are immunologically equivalent: 
certain sites and tissues are protected 
by immune privilege from inflammation 
and other collateral damage associated 
with vigorous immune responses. 43 Al- 
lografts and xenografts, usually de- 



stroyed by host responses, are able to 
thrive in sites of immune privilege such 
as the cornea and testis. One potential 
mechanism for mediating immune privi- 
lege relies on the Fas-FasL apoptosis 
pathway (Figure 2). 44 Whereas Fas is ex- 
pressed constitutively (as in hepato- 
cytes) or inducibly (as in lymphocytes) 
on a wide variety of cell types, only ac- 
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tivated T cells and somatic cells 




mune privileged sites usually express 
FasL. 25 * 44 Lymphoid ceils are able to in- 
filtrate sites of immune privilege but are 
subsequently induced to undergo apop- 
tosis when their Fas receptors bind 
FasL. Thus, rejection of nonprivileged 
grafts from nonprivileged sites can be 
paradoxically viewed through the Fas- 
Fas L model as a primary underabun- 
dance of apoptosis (in the host's lym- 
phoid cells): reactive T cells of the host 
are not killed by graft's cells (which do 
not express FasL). These infiltrating T 
cells may then go on to induce apoptosis 
in or otherwise kill cells of the graft, lead- 
ing to a secondary elevation in apoptosis 
(in the graft's cells) during graft rejec- 
tion. In a strict sense, however, graft re- 
jection is not a pathological primary de- 
ficiency of apoptosis; rather, it is the nor- 
mal physiological process of an intact im- 
mune system destroying foreign cells. 

Autoimmune Diabetes. — As men- 
tioned in the discussion of how T lympho- 
cytes kill cells via Fas-FasL interactions, 
since elimination of self-reactive lympho- 
cytes (peripheral self-tolerance) depends 
on apoptosis, all autoimmune disorders 
can be viewed as primary deficiencies of 
apoptosis. Observations about the roles 
of Fas and FasL have led to new perspec- 
tives on the pathogenesis and treatment 
of autoimmune diabetes mellitus. 45 As 
modeled in nonobese diabetic mice, dis- 
ease progression is regulated at 2 check- 
points: nonreactive infiltration of the is- 
lets of Langerhans by leukocytes and ini- 
tiation of active destruction of pancreatic 
P cells by T cells, a process that culmi- 
nates in msulnvdependent diabetes. 45 
Fas and FasL appear to act at the second 
checkpoint. Although islet allografts are 
usually rejected, this rejection can be pre- 
vented in some strains of mice by cotrans- 
planting myoblasts engineered to ex- 
press FasL. 46 Artificially expressing 
FasL does not always protect islets from 
diabetogenic T cells, however. For ex- 
ample, in another set of studies, constitu- 
tive expression of FasL in pancreatic p 
cells resulted in induction of Fas on p cells 
by T cells, thus making the p cells even 
more vulnerable to killing by T cells (or 
by each other, as they now expressed Fas 
and FasL). 47,48 In the development of au- 
toimmune diabetes, the primary defect in 
apoptosis regulation is the failure of pe- 
ripheral self-tolerance, which results in 
too little apoptotic deletion of self-reac- 
tive T cells. Secondary to the presence of 
these dangerous lymphocytes, cells of the 
pancreas are destroyed. 

Local Self-reactive Disorders. — Dys- 
regulation Fas and FasL expression 
following infections can cause cells of 
tissues to induce their neighbors to un- 
dergo apoptosis in a form of local auto- 



immunity. A recently proposed mecha-^ 
nism for Hashimoto thyroiditis is based 
on the Fas-FasL system. 43 Normal and 
Hashimoto thyroiditis thymocytes ex- 
press FasL and thus seem like immune- 
privileged cells. Stimulation of thyro- 
cytes by IL-ip during an infection or 
other inflammation, for example, leads 
to expression of Fas along with FasL on 
thyrocytes. This unfortunate state of af- 
fairs may cause thyrocytes to kill each 
other, thus explaining the high rate of 
apoptosis in Hashimoto thyroiditis. 
Other recent experiments have shown 
that Fas-mediated hepatocyte death in 
hepatitis can be blocked by specific phar- 
macological inhibition of caspases. 50 * 51 

Lymphoproliferation and Autoim- 
munity. — Failure of peripheral self- 
tolerance of T lymphocytes— through 
deficiencies in either anergy or Fas- 
mediated apoptosis — may also underlie 
the pathogenesis of lymphoprolifera- 
tive disorders. 23 " 25 If self-reactive lym- 
phocytes become activated and are not 
removed or tolerized in a timely man- 
ner, they may enhance the likelihood of 
an autoimmune reaction. Mice with Fas 
or FasL gene mutations have autoim- 
mune disorders and excessive lympho- 
cyte levels. Fas is mutated in mice with 
the lymphoproliferation (Ipr) mutation; 
FasL is defective in mice with the gen- 
eralized lymphoproliferative disorder 
(gld) mutation. These strains of mice have 
been extremely useful in examining the 
roles of Fas and FasL in peripheral tol- 
erance and autoimmunity. 22 - 23 

Dominant negative and recessive mu- 
tations in the Fas gene that prevent 
transduction of the apoptotic signal have 
been found recently in at least 12 pedi- 
atric patients with autoimmune lympho- 
proliferative syndromes (ALPS), in- 
cluding the Canale-Smith syndrome. 52 * 64 
These patients manifest signs and symp- 
toms that are reminiscent of those seen 
in mice lacking the Fas Oymphoprolif- 
eration [lpr] mutation): accumulation of 
nonmalignant immature T lymphocytes 
in secondary lymphoid organs (giving 
rise to marked adenopathy), polyclonal 
hypergammaglobulinemia, autoanti- 
body production, thrombocytopenia, neu- 
tropenia, and glomerulonephritis. When 
Fas genes of 50 normal individuals were 
examined, no mutations in Fas were 
found 53 ; this argues in favor of a caus- 
ative role for Fas mutations in ALPS. 
Mutations and allelic differences in other 
genes affect the severity of phenotype in 
humans and mice with Fas mutations, 
perhaps indicating that mutations in dif- 
ferent parts of the apoptotic pathways can 
alter the severity of any given Fas de- 
fect. Genetic analysis of patients' apop- 
tosis genes may thus be diagnostically and 
prognostically useful. 



' Cancer. — Cancer is an aberrant net 
accumulation of atypical cells, which can 
arise from an excess of proliferation, an 
insufficiency of apoptosis, or a combina- 
tion of the 2. Until recently, models of 
cancer pathogenesis and antineoplastic 
therapies focused on the role of prolif- 
eration in cancer. Thus, highly toxic 
chemical and radiation therapies that 
damage DN A and cytoskeletal elements 
involved in cell cycling and division were 
developed with the intention of target- 
ing rapidly dividing tumor cells prefer- 
entially over slower-dividing normal 
body cells. Ideally, whereas normal body 
cells were thought to arrest their cell 
cycle and repair DNA and cytoskeletal 
damage, deranged cancer cells were 
thought to continue cycling and accumu- 
lating mutations until they died of gross 
genomic or metabolic dysfunction. The 
clinical observation that many slow- 
growing cancers are curable and many 
rapidly dividing cancers are refractory 
to treatment, however, demonstrates 
that proliferative models of cancer are 
inadequate. 65 Insight into apoptosis has 
opened a new dimension on understand- 
ing and treating cancer. 

Apoptosis is of critical importance 
both to the pathogenesis of cancers and 
to their likelihood of resistance to con- 
ventional antineoplastic treatments. 
Mutations in the p5S gene and its regu- 
lators (eg, mdm2) are extremely com- 
mon, occuring in perhaps 55% to 70% of 
human cancers. 56 In response to DNA 
damage, the p53 protein induces cell 
cycle arrest and, in some circumstances, 
apoptosis. The p53-deficient cells are in- 
efficient at DNA repair, as they do not 
arrest the cell cycle and properly acti- 
vate DNA repair functions, yet they are 
generally more resistant to radiation 
therapy than cells containing functional 
p53 protein. 55 Loss of functional p53 cor- 
relates well with tumor aggressiveness 
in a variety of tumors, and people inher- 
iting a defect in 1 of their 2 copies of the 
p58 gene (Li-Fraumeni syndrome) de- 
velop cancers at a high rate. 65 

The protein p53 induces apoptosis by 
acting as a transcription factor, activat- 
ing expression of numerous apoptosis- 
mediating genes. Of particular interest, 
several p5S-induced genes encode pro- 
teins that regulate the redox state of 
cells. 57 A current model proposes that 
DNA damage causes the p53 protein to 
turn on genes whose products generate 
free radicals that, in turn, damage the 
cell's mitochondria, whose contents 
(such as cytochrome c) leak out into the 
cytoplasm and activate apoptotic 
caspases. 57 

The p53 protein can also induce apop- 
tosis by up-regulating expression of Box, 
a proapoptotic Bcl-2 family member. Tu- 
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mors exhibit varying numbers dM^op- 
totic cells; a high proportion of apoptotic 
cells correlates with slowed tumor 
growth. Conversely, mice that lack the 
genes for Bax develop fast-growing tu- 
mors that have 50% fewer apoptotic cells 
than similar tumors from mice with nor- 
mal Bax genes. 58 Box apparently also 
functions in a p53-independent pathway 
for colon carcinogenesis of the microsat- 
ellite mutator type. 59 Hence, there are 
likely several different possible pathways 
to apoptosis, even in cancer cells. As ex- 
pected, when antiapoptotic members of 
the Bcl-2 family are overexpressed, the 
likelihood of neoplasia is greatly en- 
hanced: Bcl-2 was first isolated from a 
B-ceil follicular lymphoma and classified 
as a tumor suppressor before its role in 
apoptosis was discovered. 33 

The concept of immune privilege can 
help us understand why tumors evade 
the apoptosis-inducing effects of the 
immune system. Metastatic malignant 
melanoma cell lines have been found that 
express FasL, thus allowing the tumor 
cells to kill T lymphocytes that venture 
near. 60 The role of FasL in tumor im- 
mune escape is supported by the obser- 
vation that FasL-expressing mouse 
melanoma cells grow more slowly in mice 
lacking Fas than in normal mice. In a 
study of 22 hepatocellular carcinomas 
from human patients, all the tumors had 
down-regulated their expression of Fas 
and undergone novel expression of 
FasL. 61 Thus, these tumor cells not only 
expressed a ligand to kill lymphocytes, 
but they also removed their own Fas re- 
ceptors, rendering themselves impervi- 
ous to that form of apoptosis induction. 

In summary, mutations in genes that 
lead direcly or indirectly to reduced apop- 
tosis are generally associated with poor 
prognosis in a variety of tumor types, 
since conventional chemotherapy and ra- 
diation therapy rely primarily on induc- 
tion of apoptosis in cancer cells for thera- 
peutic effect. 6,52 New cancer therapies 
that aim to induce apoptosis specifically 
in cancer cells are the source of much ex- 
citement and renewed hope for cures. 

Primary Apoptosis Excesses 

Neurodegenerative Disorders. — 
Gradual loss of specific types of neurons 
from different parts of the CNS charac- 
terizes the pathological progression of a 
variety of neurodegenerative disor- 
ders. As the CNS is a site of intense apop- 
tosis during development (some esti- 
mate 50%-80% of CNS neurons die during 
development) and appears to depend on 
the expression of survival-promoting 
genes like Bcl-x L for survival in adult- 
hood, it may be expecially vulnerable to 
derangements of apoptotic pathways, 
particularly pathways involving cal- 



cium 62 and free-radical generation.^^ 

Apoptotic cell death and its attendant mo- 
lecular mediators appear to play a role 
in many neurodegenerative disorders, in- 
cluding Alzheimer disease, Parkinson dis- 
ease, spinal muscular atrophy, and amyo- 
trophic lateral sclerosis. 6 - 38 ' 64 ' 65 

Mutations in the presenilin 2 gene 
have recently been associated with fa- 
milial Alzheimer disease. 66 The preseni- 
lin 2 is hypothesized to function in an 
apoptosis pathway downstream of Fas. 
Presenilin 2's mouse homologue pre- 
vents the up-regulation of FasL on T 
lymphocytes, which normally occurs 
when the T cell is activated by binding to 
a foreign peptide. 66 In the PC 12 neuronal 
cell line, overexpression of normal pre- 
senilin 2 leads to apoptosis; a mutant pre- 
senilin 2 isolated from patients with fa- 
milial Alzheimer disease has an even 
greater ability to induce apoptosis. 67 One 
of the cardinal features of Alzheimer dis- 
ease, formation of amyloid p plaques in 
the brain, also alters the apoptotic 
threshold of neurons. In primary cul- 
tures of human neurons, peptide frag- 
ments of amyloid p can down-regulate 
antiapoptotic Bcl-2 and up-regulate pro- 
apoptotic Bax expression, thus making 
the neurons more prone to die, especially 
in response to oxidative stress. 68 

Parkinson disease is characterized by 
the degeneration of nigrostriatal dopa- 
minergic neurons, which are thought to 
die by apoptosis and necrosis in response 
to oxidative damage. 69 * 70 Although pre- 
disposing genes for Parkinson disease 
have been more elusive than those for 
Alzheimer disease, the treatment for 
Parkinson disease has turned out to be 
intimately involved in the inhibition of 
apoptosis. The drug selegiline hydro- 
chloride has been used historically as a 
treatment for Parkinson disease because 
of its ability to irreversibly inhibit mono- 
amine oxidase B, thus enhancing dopa- 
mine signaling. The effect of selegiline 
on monoamine oxidase B may be of less 
importance than the recent discovery 
that it can specifically alter transcrip- 
tion of cellular death and survival genes, 
including superoxide dismutases, Bcl-2 
and Bcl-x L , nitric oxide synthase, and 
nicotinamide adenine dinucleotide dehy- 
drogenase. 71 Selegiline prevents the pro- 
gressive reduction in mitochondrial 
membrane potential and thus may in- 
hibit the release of proapoptotic sub- 
stances from the mitochondria. 

Heart Disease.— Several recent stud- 
ies have investigated the extent of apop- 
tosis and the levels of the molecular me- 
diators of apoptosis in the failing human 
heart. In one study, 7 hearts explanted 
at the time of transplantation surgery 
were assayed for apoptosis. 72 All 4 hearts 
with idiopathic dilated cardiomyopathy 



(IDCM) and 1 with ischemic cardiomy- 
opathy had apoptotic nuclei, as mea- 
sured by specific labeling of broken DN A 
in an assay called terminal deoxyuridine 
nucleotide end labeling (TUNEL). 73 Ad- 
ditionally, the DNA from the IDCM 
hearts yielded an internucleosomal 
DNA laddering pattern characteristic of 
apoptosis when subjected to agarose gel 
electrophoresis. The other 2 hearts with 
ischemic cardiomyopathy did not show 
signs of apoptosis either on TUNEL or 
electrophoretic assay. 

In a similar but larger study, 74 other in- 
vestigators assayed for apoptosis the 
hearts from patients with IDCM, ische- 
mic cardiomyopathy, and valvular heart 
disease. Control hearts averaged a mean 
(SD) of 10 (9) TUNEL-positive nuclei per 
million nuclei, IDCM averaged 2366 
(2033) per million, ischemic cardiomyop- 
athy averaged 2436 (1964) per million, and 
the 1 case of valvular heart disease had 
1015 TUNEL-positive nuclei per million. 
Clearly, apoptosis is elevated (up to 232 
times the control level) in failing hearts in 
this study, but the percentages of cells un- 
dergoing apoptosis are far less than those 
in the previous study. This discrepancy 
may reflect variability in the TUNEL as- 
say, which theoretically labels apoptotic 
nuclei before they appear pyknotic (as 
DNA fragmentation begins before pyk- 
notic changes). The specificity and sensi- 
tivity of TUNEL have not been deter- 
mined; thus, no quantitative conclusions 
can be drawn from TUNEL results. 75 This 
study also examined levels of Bcl-2 and 
Bax proteins in the failing hearts: al- 
though Bax expression remained con- 
stant, Bcl-2 expression averaged 1.8 times 
the level in control hearts. Thus, in the 
failing heart, the normally antiapoptotic 
action of Bcl-2 is insufficient to overcome 
death-promoting stimuli (such as me- 
chanical stretch, inflammatory cytokines, 
or reactive oxygen species) that may be 
present in the failing heart. 

A third study 76 also finds evidence of 
apoptosis in heart failure resulting from 
arrhythmogenic right ventricular dys- 
plasia, a dangerous disorder character- 
ized by progressive replacement of myo- 
cardium by adipose and fibrotic tissue. 
This study found high levels of caspase-3 
expression, thus providing a mechanism 
of ceil death. These early, correlative 
studies have revealed that apoptosis is 
increased in hearts failing for a variety 
of reasons. Whether increased apoptosis 
is the primary cause of cell death or is 
secondary to an as yet unknown process 
remains to be seen. 

APOPTOSIS-BASED DIAGNOSIS, 
PROGNOSIS, AND THERAPY 

Understanding the physiological pro- 
cess of apoptosis at the molecular level 
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not only affords inights in^^isease 
pathogenesis but also opens new av- 
enues for developing diagnostic, prog- 
nostic, and therapeutic tools. TUNEL 
and other assays that can detect early 
stages of apoptotic processes before 
morphological changes are apparent in 
histological sections will allow easier di- 
agnosis of conditions involving apopto- 
sis. Considering that only the last hour 
or so of the apoptotic process is morpho- 
logically observable, a much higher pro- 
portion of diseases may involve inappro- 
priate levels of apoptosis than currently 
described. The causes of overabundant 
or underabundant apoptosis will be dis- 
cernible as apoptotic signaling pathways 
are more fully elucidated and assays for 
these novel signaling molecules are de- 
veloped. A biopsy specimen from a case 
of idiopathic liver degeneration, for 
example, might be screened for new di- 
agnostic parameters: deficiencies of 
growth or survival factors and antiapop- 
totic intracellular proteins, elevations in 
proapoptotic molecules, inappropriate 
activation of caspases, and oxidative mi- 
tochondrial damage. Assaying for muta- 
tions in apoptosis-related genes has al- 
ready begun to refine prognosis in a va- 
riety of cancers; future assays not only 
for mutations in genes but also for aber- 
rant levels of gene expression in cancers 
will allow better selection of therapies to 
which the tumor should be specifically 
susceptible. 

Insight into the mechanisms of apop- 
tosis has already led to a surge in re- 
search into novel therapies for degen- 
erative, neoplastic, and autoimmune dis- 
orders. Rational drug design opens the 
door to highly specific therapies with 
fewer adverse effects. Potential thera- 
pies fall into 3 broad categories; (1) gene 
therapy (eg, replacement of p53\ (2) in- 
jectible molecules targeted at the up- 
stream modulators of apoptosis (eg, 
growth factors or soluble FasL), and 
(3) small molecule pharmaceuticals de- 
signed to regulate expression of apopto- 
sis-related genes (eg, Bcl-2). For apop- 
tosis-based therapy to be feasible, thera- 
peutic molecules must be delivered to 
and active only in specific target cells: 
indiscriminate inhibition of apoptosis 
could lead to widespread hyperplasia, 
and inappropriate promotion of apopto- 
sis might lead to undesirable tissue de- 
generation. A further caveat is that sav- 
ing a cell from death is not necessarily 
the same thing as preserving its func- 
tion. Preventing the death of neurons in 
the substantia nigra of patients with 
Parkinson disease by injection of neuro- 
trophic factors or other antiapoptotic 
v . molecules does not necessarily mean 
. AHW. will remain fully differentiated 
oio Mcrete dopamine. 



Considering the complexity of 
tosis signaling, combinatorial therapies 
that target multiple cell death molecules 
for activation or inactivation may offer 
the best hope of therapeutically modu- 
lating apoptosis. If one wanted to inhibit 
caspase activation, one would currently 
have to use several inhibitors: although 
multiple caspases upstream of caspase-3 
can be inhibited by viral proteins such as 
cowpox CrmA and baculovirus p35, syn- 
thetic tripeptides and tetrapeptides in- 
hibit caspase-3 and other caspases spe- 
cifically. 23,77 Understanding the molecu- 
lar apoptosis pathways is also beginning 
to allow the development of novel non- 
pharmaceutical therapies. For example, 
an adenovirus that is only able to repli- 
cate in and kill p53-deficient cells is in 
phase 1 clinical trials as a possible anti- 
tumor agent that should kill only p53- 
deficient tumor cells, leaving normal 
ceils unaffected. 78 

CONCLUSIONS 

Molecular apoptosis research is mov- 
ing extremely rapidly; however, a few 
themes are durable. First, apoptosis is a 
highly conserved mechanism among 
multicellular animals. Second, there are 
multiple paths of commitment to death 
and multiple components of the central 
executioner. Third, the apoptotic thresh- 
old of a cell fundamentally depends on 
the ratios and relative abundances of dif- 
ferent positive and negative regulators. 
Fourth, apoptosis plays aprimary or sec- 
ondary role in many pathological states 
and diseases. Finally, apoptosis repre- 
sents an exciting new physiological pro- 
cess that may yield more definitive di- 
agnosis, more accurate prognosis, and 
novel therapies for age-old ills. 
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